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Defective provirus genomes of human T-cell leukemia virus type I are frequently detected in lymphocytes from infected
individuals and in infected cell lines. One type of defective provirus contains internal deletions spanning gag, pol, and env
genes but retains portions of open reading frames for trans-regulatory proteins. The deleted proviruses could potentially
contribute to viral pathology by producing novel gene products that directly affect cell metabolism or that modulate
expression of resident, wild-type proviruses. Virus gene products and the control of their expression were examined in cells
transfected with defined molecular clones of wild-type and defective proviruses. Internally deleted provirus clones, which are
unable to produce functional Tax and Rex proteins, were transcriptionally inactive in transfected cells. Ectopic expression of
p40Tax activated transcription of the deleted provirus, resulting in the accumulation of a two-exon mRNA that yields a
truncated form of Rex (p21Rex). Although this two-exon mRNA also has a potential initiation codon in the tax frame, a
truncated form of Tax was not detected by immunoblotting or in transactivation assays. When complemented with p40Tax
and p27Rex, cells transfected with deleted proviruses accumulated an unspliced mRNA that could potentially encode gag-pX
fusion proteins. Although expression of deleted proviruses was dependent on trans-acting factors produced from intact
proviruses, gene products from defective proviruses did not significantly affect expression of a cotransfected, full-length
provirus.
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pINTRODUCTION
Human T-cell leukemia virus type I (HTLV-I) is the
tiological agent of adult T-cell leukemia (ATL) and has
een associated with a variety of neurological diseases,
ncluding tropical spastic paraparesis or HTLV-I-associ-
ted myelopathy (TSP/HAM) (Franchini, 1995; Gessain et
l., 1985; Poiesz et al., 1980; Osame et al., 1986; Yoshida
t al., 1982). A critical step in the infectious cycle of
etroviruses is the formation of a DNA provirus from viral
enomic RNA. For HTLV-I, this process is apparently
rror prone so that in addition to full-length proviruses,
artial virus genomes are frequently observed in infected
ells and tissues. Various studies showed that defective
roviruses made up 25–40% of all HTLV-I genomes
resent in lymphocytes from patients with ATL or in cells
nfected with HTLV-I in vitro (Hiramatsu and Yoshikura,
986; Konishi et al., 1984; Korber et al., 1991; Kubota et al.,
995; Ohshima et al., 1991; Tamiya et al., 1996). Surveys
f the genetic contents and structures of defective
TLV-I proviruses in ATL patient samples, characterized
y Southern blotting, long-range PCR, or molecular clon-
ng, revealed that approximately half of the defective
roviruses had only the env-pX-39 LTR region, whereas
he remainder had both LTRs but contained variable
1 To whom reprint requests should be addressed. Fax: (301) 846-
b863. E-mail: derse@ncifcrf.gov.
042-6822/99
442eletions encompassing the gag, pol, and env genes
Hiramatsu and Yoshikura, 1986; Konishi et al., 1984;
atsuoka et al., 1997; Tamiya et al., 1996). Both types of
efective provirus retain portions of open reading frames
ORFs) for the transcriptional activator p40Tax (Felber et
l., 1985; Fujisawa et al., 1985; Inoue et al., 1987; So-
roski et al., 1984; Sodroski, 1992), the regulator of viral
NA transport p27Rex (Dokhelar et al., 1989; Inoue et al.,
987; Kiyokawa et al., 1985), and ORFs X-I and X-II, which
ncode putative proteins termed p12xI and p30xII, respec-
ively, whose functions are not known (Berneman et al.,
992; Ciminale et al., 1992; Derse et al., 1997; Koralnik et
l., 1992). The different types of defective proviruses may
riginate by distinct mechanisms, and their abilities to
xpress gene products may differ. It is of interest to note
hat internally deleted proviruses are always found in
ells with intact proviruses, whereas 59-terminally de-
eted proviruses are often found alone (Konishi et al.,
984).
The hypothesis that defective proviruses may contrib-
te to certain aspects of HTLV-I pathogenesis derives
rom (1) the frequency with which they are found in
nfected cells and (2) the fact that they retain portions of
irus regulatory genes, including tax. A key aspect of this
odel is that internally deleted proviruses would express
ovel gene products similar to, but distinct from, those
roduced from the wild-type virus. These proteins could
e produced either as truncated versions of their normal
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443DEFECTIVE AND WILD-TYPE HTLV-I PROVIRUSESounterparts or as gag-fusion proteins. A truncated form
f Rex (p21Rex) has been shown to originate from de-
eted proviruses (Bhat et al., 1993; Orita et al., 1993a,
997, 1993b); however, little is known about the expres-
ion of other virus proteins. These novel proteins could
irectly affect cellular gene expression or interfere with
he expression of structural proteins from intact provi-
uses and thus facilitate immunological escape of the
nfected cell.
Assessment of the gene expression profiles of de-
ective proviruses is extremely difficult with patient
amples and most HTLV-I-transformed T-cell lines be-
ause they contain multiple copies of full-length and
efective proviruses. MT2 cells contain at least eight
roviruses, of which seven are defective (Kobayashi et
l., 1984). C8166 cells contain two internally deleted
roviruses and one full-length copy (Bhat et al., 1993),
hereas MT4 and HUT102 cells both contain multiple
ull-length and deleted proviruses (D.D., unpublished
esults). Inferences regarding gene expression di-
ected by individual proviruses have been made using
ome of these cell lines (Bhat et al., 1993; Orita et al.,
993a, 1997), but in general, contributions from the
any different proviruses within a cell are too complex
o trace. Therefore, we studied virus mRNA and pro-
ein synthesis in cells transfected with well defined
olecular clones of wild-type and defective HTLV-I
roviruses. In addition, we asked how defective and
ild-type proviruses interact to potentially trans-regu-
ate each other’s expression in the coinfected cell by
erforming cotransfection experiments.
RESULTS
Virus gene expression was examined in cells trans-
ected with plasmids containing a full-length, infectious
TLV-I provirus (pCS-HTLV) and a prototypic deletion
utant (pHTLV-DP) (Fig. 1). The latter is related in its
ross structural features to the naturally occurring, de-
ective proviruses resident in various HTLV-I transformed
-cell lines (Bhat et al., 1993; Hill et al., 1999). The dele-
ion in pHTLV-DP removes most of gag and all of env and
ol genes, resulting in a fusion of reading frames for gag
p19-MA and 59 amino acids of p24-CA) and ORF X-I (Fig.
). The deleted region includes the initiation codons for
40Tax and p27Rex that are located in exon 2; thus the
wo-exon mRNA produced by the deleted proviruses
annot express intact regulatory proteins. An analogous
et of Tax-independent provirus plasmids was also con-
tructed in which a cytomegalovirus (CMV) immediate-
arly promoter was inserted in place of the 59 LTR.
CMV-HT1 and pCMVHT-DP (Fig. 1) are otherwise iden-
ical to their counterparts pCS-HTLV and pHTLV-DP, re-
pectively. Virus gene expression profiles were analyzedn cells transfected with individual or with combinations hf intact and deleted proviruses and compared with
stablished HTLV-I-infected cell lines.
ranscription of internally deleted proviruses
The transcriptional activities and mRNAs expressed
rom wild-type and defective proviruses were examined
y RT-PCR after transfections into 293 cells. PCR primers
ere selected that flank the splice donor site in the 59
TR (HT455) and the splice acceptor site in exon 3 of the
ax/rex gene (HT7535) and detects either the two- or
hree-exon tax/rex mRNAs (Fig. 1). The three-exon tax/
ex mRNA, produced from the full-length provirus, is
redicted to give a 450-bp PCR fragment, whereas the
ingly spliced, two-exon mRNA from deleted proviruses
ould give a 250-bp PCR fragment. The 293 cells trans-
ected with pCS-HTLV gave the predicted 450-bp PCR
roduct; the alternative, two-exon mRNA was not pro-
uced in significant amounts (Fig. 2A, lane 1). Cells
ransfected with pHTLV-DP yielded only trace amounts of
he two-exon mRNA (lane 2), most likely due to inefficient
irus transcription in the absence of p40Tax. This was
onfirmed when cells cotransfected with pHTLV-DP and
p40Tax expression plasmid (p40Tax-RSPA) yielded
igh levels of the two-exon mRNA (lane 3). Thus the
eleted provirus was transcriptionally inactive unless
omplemented, in trans, with p40Tax. Cells transfected
ith pCMV-HT1 or pCMVHT-DP, whose expression is Tax
ndependent, exhibited mRNA synthesis and splicing
atterns similar to pCS-HTLV and pHTLV-DP plus
40Tax, respectively (lanes 4 and 5).
A similar analysis was performed on RNAs extracted
rom various HTLV-I-infected T-cell lines. The MT2,
UT102, and C8166 cell lines gave patterns indicative of
ranscription from both intact and deleted proviruses
Fig. 2B). The relative amounts of two-exon versus three-
xon tax/rex mRNA varied among cell lines, consistent
ith the relative copy numbers of full-length and deleted
roviruses. For example, MT2 cells contained much
ore of the two-exon mRNA than the normal three-exon
ax/rex mRNA (lane 3). HUT102 and C8166 cells con-
ained high levels of both species of mRNA (lanes 4 and
). The PB-MS9 cell line was immortalized by infection
ith the molecularly cloned virus pCS-X1MT and con-
ains a single, full-length provirus (M.S., unpublished
ata). PB-MS9 cells produce the normal three-exon tax/
ex mRNA at high levels, whereas the two-exon mRNA
as detected in trace amounts (lane 6). Neither of the
ninfected T-cell lines, HUT78 or Jurkat, yielded PCR
roducts (lanes 1 and 2). In summary, full-length provi-
uses predominantly express the three-exon tax/rex
RNA. Internally deleted proviruses are not actively tran-
cribed unless trans-complemented with p40Tax pro-
ided from an expression plasmid or from an intact
rovirus and then express the two-exon tax/rex mRNA at
igh levels.
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444 SHUH, HILL, AND DERSEFIG. 1. Provirus clones and their predicted tax/rex gene products. (Top) Genetic maps of the infectious molecular clone pCS-HTLV and the
ax-independent provirus expression plasmid pCMV-HT1. The latter was made by replacing the 59 LTR with the CMV promoter joined to a small
ragment from the R region of the LTR, which contains the major splice donor site. The normal three-exon tax/rex mRNA is composed of the
ntranslated exon from the 59 LTR; the second exon contains the initiation codon for p40Tax and, in an alternate reading frame, the first 20 amino
cids of p27Rex; and the third exon contains the major portions of the tax and rex genes. Translation of the bicistronic, three-exon tax/rex mRNA yields
40Tax and p27Rex proteins encoded in alternate, overlapping reading frames. (Bottom) Internally deleted proviruses were derived from pCS-HTLV
nd from pCMV-HT1 by removing the indicated PstI fragments and rejoining 59 and 39 ends of the provirus. This deletion resulted in the fusion of the
ag reading frame to the ORF X-I frame. The two-exon tax/rex mRNA is generated by alternative splicing of the full-length provirus RNA or by splicing
f internally deleted proviral RNA. The predicted translation products from the alternative two-exon mRNA are a p21Rex and a p30Tax. Nucleotide
equences around the known and predicted initiation codons are indicated.
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445DEFECTIVE AND WILD-TYPE HTLV-I PROVIRUSESeleted proviruses express a truncated p21rex
rotein
A truncated form of the Rex protein, termed p21Rex,
as been observed in many HTLV-I-infected cell lines
nd patient samples and appeared to correlate with the
resence of the two-exon tax/rex mRNA (Bhat et al.,
993; Orita et al., 1993a, 1997, 1993b; Zazopoulos et al.,
990). To further examine the origins of p21Rex, we
erformed immunoblots of protein extracts from 293 cells
ransfected with HTLV-I provirus clones as well as from
TLV-I-infected T-cell lines. Cells transfected with pCS-
TLV produced the expected p27Rex protein and lesser
mounts of p21Rex (Fig. 3A), consistent with the obser-
ation that both normal and alternatively spliced forms of
he tax/rex mRNA were observed in these cells (Fig. 2A,
ane 1). Rex-reactive protein bands were not detected in
ells transfected with pHTLV-DP (lane 2); however,
omplementation of this plasmid with ectopically ex-
ressed p40Tax resulted in the synthesis of p21Rex (lane
). Transfection with pCMV-HT1, like pCS-HTLV, resulted
n the synthesis of p27Rex and trace amounts of p21Rex
lane 4). Cells transfected with pCMVHT-DP expressed
21Rex exclusively (lane 5). The plasmid pCMVHT-
Pp21 is a mutated version of pCMVHT-DP in which
ethionine at amino acid 79 of p27Rex was converted to
hreonine by changing AUG to ACG. Cells transfected
ith pCMVHT-DPp21 did not express p21Rex protein
lane 6), although the two-exon mRNA was present (data
ot shown), indicating that this internal methionine is the
nitiation codon for p21Rex (Fig. 1B). Synthesis of the p27
nd p21 forms of Rex was also examined in HTLV-I-
nfected T-cell lines (Fig. 3A, lanes 9–15). As previously
eported (Bhat et al., 1993), C8166 cells express only
21Rex because the full-length provirus has a premature
FIG. 2. RT-PCR analysis of spliced HTLV-I mRNAs expressed in tra
ransfected with pCS-HTLV (lane 1), pHTLV-DP (lane 2), pHTLV-DP pl
T-PCR analysis of T-cell lines HUT78 (lane 1), Jurkat (lane 2), MT2 (lan
as converted to cDNA and amplified with primers that flank the splice
roducts were resolved on a 10% polyacrylamide gel, transferred to nylo
orresponding to the 250-bp/two-exon and 450-bp/three-exon mRNAstop codon in the rex gene (lane 10). PB-MS9 cells, which pave a single full-length provirus, produced p27Rex,
hereas the smaller p21Rex was not detected (lane 12).
T4, MT2, and HUT102 cells expressed both p27 and
21 forms of Rex (lanes 9, 11, and 13).
eleted proviruses do not produce a truncated tax
rotein
The HTLV-I tax gene has a methionine at codon 109,
hich could act as an initiation codon (GCCATGC) for
ranslation of a Tax-related protein of approximately 30
Da (Fig. 1, bottom). This AUG codon lies 146 nucleotides
ownstream from the initiation codon for p21Rex, and
here are no intervening AUG triplets in any reading
rame. To determine whether a truncated form of Tax is
roduced, immunoblots were probed with antiserum
aised against the C-terminus of p40Tax. Cells trans-
ected with PCs-HTLV or pCMV-HT1 expressed the nor-
al p40Tax protein (Fig. 3B, lanes 1 and 4). As expected,
ells transfected with pHTLV-DP or pCMVHT-DP did not
xpress p40Tax, nor were smaller forms of Tax detected
lanes 2 and 5). The inability to detect a truncated form of
ax might result from efficient use of the initiation codon
or p21Rex, preventing ribosome scanning to the down-
tream AUG in the Tax reading frame. Removal of the
21Rex initiation codon in the plasmid pCMVHT-DPp21
ould theoretically allow ribosomes to scan to the AUG
t codon 109 of tax. However, cells transfected with
CMVHT-DPp21 did not accumulate truncated forms of
ax at detectable levels (lane 6). Anti-Tax immunoblots of
TLV-I-infected T-cell lines revealed the predicted ex-
ression of p40Tax in MT2, MT4, C8166, HUT102, and
B-MS9 cells, but a smaller form of Tax was not detected
Fig. 3B). A larger form of Tax, migrating at approximately
5 kDa, was observed in MT2 cells; as previously re-
ed cells and infected T-cell lines. (A) The 293 cells were transiently
ax-RSPA (lane 3), pCMV-HT1 (lane 4), and pCMVHT-DP (lane 5). (B)
T102 (lane 4), C8166 (lane 5), and PB-MS9 (lane 6). Total cellular RNA
in the 59 LTR (HT455) and the splice acceptor in exon 3 (HT7535). PCR
brane, and hybridized with a DNA probe from exon three. The products
icated.nsfect
us p40T
e 3), HU
donor
n memorted (Takeuchi et al., 1985), this corresponds to an
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446 SHUH, HILL, AND DERSEnv-Tax fusion protein originating from a defective pro-
irus (lane 11).
It is conceivable that internally deleted viruses ex-
ress small amounts of a truncated Tax protein, which
etains some of the biological activities of p40Tax. The
hort form of Tax, initiating at codon 109 of the 353-
mino-acid tax gene, would lack N-terminal residues
ecessary for nuclear localization and for interactions
ith cAMP response element-binding protein (CREB)/
ctivating transcription factor (ATF) transcription factors
ut would retain regions involved in nuclear factor-kB
NF-kB) activation (Sodroski, 1992). The 293 cells were
ransfected with reporter plasmids containing the chlor-
mphenicol acetyltransferase (CAT) gene controlled by
ither the HTLV-I LTR (CREB/ATF responsive) or human
mmunodeficiency virus type 1 (HIV-1) LTR (NF-kB re-
ponsive) in combination with pCMV-HT1 or pCMVHT-
P. Both promoters were trans-activated in cells cotrans-
ected with pCMV-HT1 but not by pCMVHT-DP (Table 1).
FIG. 3. Immunoblots of Rex (A), Tax (B), and p19-MA (C) proteins
ransfected with pCS-HTLV (lane 1), pHTLV-DP (lane 2), pHTLV-DP plu
Pp21 (lane 6), pCMVHT-DP plus pRS-Rex1 (lane 7), and no DNA contr
B-MS9 (lane 12), HUT102 (lane 13), HUT78 (lane 14), and Jurkat (lane
olecular size markers (kDa) are shown on the left side. Immunoblotturthermore, cotransfections with pCMVHT-DPp21 did fot result in transactivation of either CREB/ATF- or NF-
B-responsive promoters. Hence, the prototypic, inter-
ally deleted proviruses examined here did not produce
truncated form of the Tax protein that could be detected
siently transfected 293 cells and in T-cell lines. The 293 cells were
x-RSPA (lane 3), pCMV-HT1 (lane 4), pCMVHT-DP (lane 5), pCMVHT-
8). T-cell lines included MT4 (lane 9), C8166 (lane 10), MT2 (lane 11),
irus protein bands are indicated on the right side of the panels, and
s performed as described in Materials and Methods.
TABLE 1
Transactivation of HTLV-I and HIV-1 Promoters by HTLV-I
Proviruses and Provirus Mutants in Transient Transfection Assays
Provirus pUXcat-HTLV-I pUXcat-HIV1
one 380 4000
CMV-HT1 41,800 28,000
CMVHT-DP 600 3800
CMVHT-DPp21 200 3500
Note. 293 cells were cotransfected with pUXcat-HTLV-I or pUXcat-
IV1 in combination with the indicated provirus clones. Levels of CAT
nzyme activity are expressed as cpm of 14C-acetyl coenzyme A trans-in tran
s p40Ta
ol (lane
15). Verred to chloramphenicol substrate.
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447DEFECTIVE AND WILD-TYPE HTLV-I PROVIRUSESy immunoblotting or by transactivation of CREB/ATF or
F-kB-responsive promoters.
eleted proviruses potentially express gag fusion
roteins
Complementation of deleted proviruses with both
40Tax and p27Rex would allow for the cytoplasmic
ccumulation and translation of the unspliced viral
RNA. Depending on the deletion endpoints, this mRNA
ould encode portions of gag fused to ORFs in the 39 end
f the virus. To test this possibility, immunoblotting of
ransfected cell lysates was performed with antisera
gainst the matrix protein, p19-MA, located at the N-
erminus of the gag polyprotein. p19-MA and its precur-
ors were detected in cells transfected with pCS-HTLV
nd pCMV-HT1 (Fig. 3C, lanes 1 and 4) but not with
HTLV-DP, pHTLV-DP plus p40Tax, or pCMVHT-DP (lane
, 3, or 5). Cotransfection of pCMVHT-DP with a p27Rex
xpression plasmid resulted in the synthesis of a p19-
A-related protein of approximately 27 kDa (lane 7). The
atter protein is consistent with the nucleotide sequence
f the deleted provirus, which predicts an in-frame fusion
f gag (131 amino acids of p19-MA and 59 amino acids of
24-CA) and ORF XI (prematurely terminated after 23
mino acids in the pCS-HTLV clone). Thus gag-pX fusion
roteins can be produced from deleted proviruses if they
re complemented with p40Tax and p27Rex. Immuno-
lotting of HTLV-I-infected T-cell lines with the same
nti-p19-MA antisera was also performed (Fig. 3C, lanes
–15). C8166 cells did not express HTLV-I structural pro-
eins (lane 10) because they do not express p27Rex, as
reviously reported (Bhat et al., 1993). A protein band
orresponding to p19-MA was detected in MT4, MT2,
UT102, and PB-MS9 cells in addition to several other
ands that were not present in C8166 cells or the unin-
ected HUT78 or Jurkat cell lines. The largest band prob-
bly corresponds to the pr53 gag precursor protein, and
nother band migrating at about 30 kDa is likely a pro-
essing intermediate (lanes 11 and 12). Bands migrating
t approximately 26 kDa in extracts from MT2 and
UT102 cells (lanes 11 and 13) but not present in PB-
S9 cells (lane 12) may be either processing intermedi-
tes or products of fusion proteins originating from de-
eted proviruses.
rans,-Interactions between deleted
nd full-length proviruses
The data presented thus far indicate that expression of
eleted provirus genomes requires trans-acting factors
p40Tax and p27Rex) normally supplied by coresident,
ull-length proviruses. We next asked whether the pro-
eins derived from deleted proviruses, p21Rex or Gag
usions, might influence gene expression or virus pro-
uction directed by full-length proviruses. The 293 cells
ere transfected with 0.1 mg of pCMV-HT1 in combina- dion with variable amounts of pCMVHT-DP (0.1–2.0 mg of
lasmid DNA). Each transfection also included 1.0 mg of
DM-RXRE, a Rex-dependent, CAT-reporter plasmid, to
onitor the potential inhibitory effect of p21Rex on wild-
ype p27Rex function. Immunoblotting of transfected cell
ysates with anti-Rex serum revealed that a constant
evel of p27Rex was produced from pCMV-HT1; levels of
21Rex increased in proportion to the amount of pCM-
HT-DP DNA that was cotransfected (Fig. 4A). CAT ac-
ivity directed by pDM-RXRE was activated approximately
0-fold by cotransfection with pCMV-HT1, which pro-
uces p27Rex (Fig. 4B). Cotransfections with increasing
mounts of pCMVHT-DP had little effect on p27Rex-
ependent CAT activity; only at a 20:1 ratio of pCM-
HT-DP to pCMV-HT1 was Rex activity reduced, and then
t was reduced by 18%. In these cells and in the context
f provirus plasmids, p21Rex appeared to act as a poor
rans-dominant inhibitor of wild-type p27Rex. An analysis
f virion-associated MA(p19) in transfected cell superna-
ants revealed that cotransfections with the deleted pro-
irus had little effect on virion production directed by the
ull-length provirus except where a 20-fold excess the
ormer was used (Fig. 4C). A decrease in virus produc-
ion (to 57% of control levels) was achieved only at a 20:1
atio of defective to full-length provirus DNA.
DISCUSSION
Defective HTLV-I proviruses are quite prevalent and
re observed at relatively high frequency in natural and
xperimental infections (Bhat et al., 1993; Hiramatsu and
oshikura, 1986; Konishi et al., 1984; Korber et al., 1991;
ubota et al., 1995; Matsuoka et al., 1997; Ohshima et al.,
991; Tamiya et al., 1996). Approximately half of the de-
ective proviruses have internal deletions that remove all
r portions of gag, pol, and env genes (Hiramatsu and
oshikura, 1986; Konishi et al., 1984; Matsuoka et al.,
997; Tamiya et al., 1996). It is unclear whether the
nternally deleted proviruses are simply artifacts of an
rror-prone replication mechanism or whether selection
avors cells that harbor them. The latter might result from
he expression of novel gene products from deleted
roviruses that act alone or in concert with proteins from
ull-length proviruses to promote cell proliferation or sur-
ival. Alternatively, novel proteins from deleted provi-
uses could act to suppress expression of structural
ene products from full-length proviruses and thus pro-
ide an immunological escape mechanism. In either
ase, one must identify the gene products produced from
eleted proviruses and characterize how full-length and
eleted proviruses influence each other’s expression.
hese questions are very difficult to address experimen-
ally with established, HTLV-I-infected cell lines due to
he presence of multiple proviruses. We therefore exam-
ned virus gene expression in cells transfected with in-
ividual full-length and deleted provirus clones or with
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VFIG. 4. Effects of overexpressing a deleted provirus on the expression of a cotransfected, full-length provirus. The 293 cells were transfected with 0.1 mg
f pCMVHT1 in combination with 0.1, 0.2, 1.0, or 2.0 mg of pCMVHT-DP and pDM-RXRE (1.0 mg). The concentration of transfected plasmid DNA was
aintained at a constant amount (3.1 mg) with an empty expression plasmid. Two days after transfection, cell supernatants were collected for p19(MA)
ntigen capture ELISA, and cell lysates were prepared for immunoblotting and for CAT enzyme assays. (A) Immunoblots of transfected-cell extracts were
ncubated with anti-Rex antiserum. Lanes 3–6 and 7–10 are extracts from duplicate, independent transfections. A constant level of p27Rex was produced
rom the full-length plasmid, pCMV-HT1, in all transfections. Amounts of p21Rex increased in proportion to the amount of the deleted provirus clone,
CMVHT-DP, which was cotransfected. (B) CAT activity expressed from the Rex-dependent reporter plasmid, pDM-RXRE, was activated approximately
0-fold by p27Rex produced from pCMV-HT1; CAT levels are expressed relative to this standard. p27Rex-mediated activation was only modestly affected
y overexpression of p21Rex from pCMVHT-DP. (C) Release of cell-free virus produced from pCMV-HT1, determined by p19(MA) antigen capture ELISA of
ransfected-cell supernatants. Values are expressed relative to the amount of virus released from cells transfected with pCMV-HT1 alone (6.3 ng/ml p19).
irus production was inhibited by cotransfection with a 20-fold excess of pCMVHT-DP compared with pCMV-HT1.
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449DEFECTIVE AND WILD-TYPE HTLV-I PROVIRUSESombinations of the two. It should be noted that none of
he internally deleted proviruses examined to date have
dentical deletions, but they share some common fea-
ures. The deleted provirus (pHTLV-DP) used here is
losely related to defective viruses found in nature, and
ts RNA and protein expression profiles were consistent
ith defective proviruses in the HTLV-I-infected T-cell
ines.
The internally deleted provirus clones were transcrip-
ionally inactive unless complemented in trans with
40Tax or supplied with a strong constitutive promoter.
hen transcriptionally active, an unspliced mRNA and a
wo-exon tax/rex mRNA are synthesized from deleted
roviruses. Barely detectable levels of p21Rex or two-
xon tax/rex mRNA were observed in cells transfected
ith a full-length provirus or in transformed T-cells that
ontain a single, full-length provirus. In contrast, cells
ransfected with the internally deleted provirus clone
xpressed high levels of the two-exon tax/rex mRNA and
21Rex protein. These data confirm previous correlations
n patient samples and HTLV-I-transformed cell lines
etween the expression of the two-exon tax/rex mRNA,
21Rex protein, and the presence of internally deleted
roviruses (Bhat et al., 1993; Orita et al., 1993a, 1997,
993b). Based on the nucleotide sequence, a truncated
orm of Tax could be expressed from the two-exon tax-
ex mRNA using a methionine codon downstream from
he p21Rex initiation codon. However, a smaller form of
ax was not detected by immunoblotting or functional
ssays of cells transfected with cloned, defective provi-
uses, even when the upstream initiation codon for
21Rex was removed. A shorter Tax protein was also
bsent from established HTLV-I-transformed T-cell lines.
hus it is unlikely that internally deleted viruses contrib-
te to T-cell transformation by expressing either the
ypical or novel forms of Tax. The deleted proviruses
tudied here have the capacity to express a gag-pX
usion protein. Depending on the sequence of a partic-
lar defective provirus, gag could be fused to env, ORFs
-I or X-II, or other reading frames. Fusion proteins of this
ype, originating from internally deleted proviruses, were
reviously detected in HTLV-I-infected cell lines MT2 and
582 (Orita et al., 1993a). The biological effects of gag
usion proteins would depend on the nature of the fusion
artner. At the present, the exact functions for putative
12XI and p30XII proteins, encoded by ORFs X-I and X-II,
espectively, are unknown (Berneman et al., 1992; Cimi-
ale et al., 1992; Derse et al., 1997; Koralnik et al., 1992).
heir mRNAs are expressed at extremely low levels and
roteins have not been detected in infected cells. Al-
hough these ORFs are not required for virus replication
r T-cell transformation in vitro, they are probably nec-
ssary for viral persistence in vivo. They have been
uggested to interact with cellular proteins and might
ffect changes in cell signaling (Franchini et al., 1993;
oralnik et al., 1993, 1995). Expressed as fusion proteins, Mhese ORFs might reach higher than normal levels, be
irected to the plasma membrane via the N-terminus of
ag, and affect cellular metabolic pathways.
Expression of internally deleted proviruses was de-
endent on coinfected full-length proviruses that can
rovide p40Tax for transcriptional activation and p27Rex
or nuclear export of the unspliced mRNA. We also asked
hether p21Rex and gag-fusion proteins, produced from
eleted proviruses, could affect the expression and as-
embly of wild-type viruses. It was previously reported
hat p21Rex could interfere with nuclear-cytoplasmic
huttling of p27Rex because the former retains a nuclear
xport signal (Kubota et al., 1996). However, in the con-
ext studied here, p21Rex had little inhibitory effect on
27Rex activity; at a 20:1 ratio of pCMVHT-DP to pCM-
HT1 DNA, p27Rex activity was reduced by 18%. A more
eneral approach to address the potential effects of
eleted provirus gene products on expression of wild-
ype viruses was determined by monitoring levels of
ell-free virus. At a 20:1 ratio of deleted to full-length
rovirus genomes, there was a 43% reduction in virus
roduction. This decrease could be due to inhibition of
27Rex function by p21Rex or perhaps result from an
nterference of the defective gag-fusion protein with virus
ssembly. Although p21Rex had little inhibitory effect on
irus expression, it is possible that it affects shuttling of
ellular proteins and might in this way contribute to cell
ysfunction.
MATERIALS AND METHODS
lasmids
Constructions of infectious molecular clones of
TLV-I, designated pCS-HTLV and pCS-X1MT, have been
escribed previously (Derse et al., 1995, 1997, 1996).
hey both contain an infectious HTLV-I provirus but differ
n ORF X-I and X-II sequences. Derivatives of pCS-HTLV
ere constructed to resemble deleted proviruses found
n HTLV-I-infected cell lines. pHTLV-DP was made by
eleting internal HTLV-I sequences between the PstI
ites at positions 1367 and 6731 of the provirus; it lacks
art of gag and all of the pro, pol, and env genes and
esults in a fusion of ORFs for gag (131 amino acids of
19-MA and 59 amino acids of p24-CA) and ORF XI. A
ull-length provirus expression plasmid was made in
hich the 59 LTR was replaced with a CMV immediate-
arly promoter. The plasmid, pCMV-HT1, was con-
tructed by deleting the 59 LTR and untranslated region
o position 790 from pCS-HTLV and inserting in its place
n 830-bp CMV promoter joined to a portion of the HTLV-I
region (nucleotides 440–570) containing the major
plice donor site. The plasmid pCMVHT-DP was made by
eleting all HTLV-I sequences between the PstI sites and
s analogous to the pHTLV-DP plasmid described above.
he plasmid pCMVHT-DPp21 was constructed from pC-
VHT-DP by site-directed mutagenesis such that the
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450 SHUH, HILL, AND DERSEnternal AUG codon in the rex ORF (position 7475) was
hanged to ACG (encoding threonine). Expression plas-
ids pRS-Rex1 and p40Tax-RSPA contain tax or rex cD-
As under the control of a Rous sarcoma virus (RSV)
romoter. CAT reporter plasmids pUXcat-HTLV and pUX-
at-HIV contain the cat gene under the control of HTLV-I
r HIV-1 LTRs, respectively. pDM-RXRE is a CAT reporter
lasmid derived from pDM138 containing the HTLV-I
ex-responsive element and was provided by T. Hope
Hope et al., 1991).
ells and transfections
Uninfected human T-cell lines HUT78 and Jurkat and
TLV-I-infected T-cells MT2, MT4, C8166, and HUT102
ere maintained in RPMI 1640 medium supplemented
ith 10% heat-inactivated FCS. The cell line PB-MS9 was
erived by coculture of phorbol-12-myristate-13-acetate-
ctivated human peripheral blood mononuclear cells
ith DBS-FRhL (clone B5) cells that were infected with
he HTLV-I molecular clone pHTLV-X1MT. Based on
outhern blot data, PB-MS9 cells contain one HTLV-I
rovirus and are monoclonal with respect to T-cell re-
eptor rearrangement (unpublished data). PB-MS9 cells
re dependent on interleukin-2 and were maintained in
PMI 1640 medium supplemented with 20% heat-inacti-
ated FCS and 100 U/ml recombinant interleukin-2 (Pep-
otech). Human 293 cells were maintained in DMEM plus
0% heat-inactivated FCS. One day before transfection,
93 cells were plated onto 6-well plates at 3 3 105
ells/well. Transfections were performed by calcium
hosphate coprecipitation or with FuGene reagent
Boehringer Mannheim). Two days after transfection,
ells were collected for enzyme assays, protein electro-
horesis, or RNA purifications.
eporter assays
Two days after transfection, cells were lysed in 0.3 ml
f 10 mM Tris–HCl, pH 7.6, 50 mM NaCl, 5 mM EDTA, and
% Triton X-100. Lysates were transferred to 1.5-ml cen-
rifuge tubes, and cell debris was removed by centrifu-
ation. CAT assays were performed as previously de-
cribed (Neumann et al., 1987). Assays were performed
t least three times. HTLV-I p19 antigen capture ELISA
ssays of transfected cell supernatants were performed
ccording to the manufacturer’s protocol (Cellular Prod-
cts Inc.).
rotein immunoblotting
Two days after transfection, 293 cells were lysed in 0.1
l of TNT lysis buffer containing 0.15 M NaCl, 0.02 M
ris–HCl, pH 7.5, 2 mM EDTA, 1% Triton X-100, 2 mM
aVO4, and Complete protease inhibitor cocktail (Boehr-
nger Mannheim). Human T-cells (approximately 5 3 107
ells) were lysed in 0.5 ml of TNT lysis buffer. Cell lysates
ere transferred to 1.5-ml tubes, kept on ice for 30 min,nd then centrifuged at 10,000 g for 30 min at 4°C.
rotein concentrations were determined using the BCA
rotein Assay Reagent (Pierce). Cell lysates were ad-
usted to 75 mg of protein and mixed with NuPAGE LDS
ample buffer (Novex). Samples were heated for 10 min
t 70°C and applied to 4–12% acrylamide–SDS gels
Novex). After electrophoresis, proteins were transferred
o Immobilon-P (Millipore) or Hybond-SuperG (Amer-
ham) membranes. Membranes were incubated in
locking buffer containing 50 mM Tris–HCl, pH 8.0, and
% nonfat milk, followed by incubations with primary
ntibody for 1 h, rinsed, and incubated with horseradish
eroxidase-conjugated secondary antibody for 1 h.
embranes were rinsed and developed with Phototope-
RP detection reagents (New England Biolabs). Rabbit
ntipeptide antisera to the C-terminus of p40Tax were a
ift from Steven Oroszlan. Rabbit anti-Rex antiserum was
ade against a peptide corresponding to amino acids
8–111 of p27Rex and recognizes both p27Rex and
21Rex (Bhat et al., 1993). Monoclonal antibody to HTLV-I
19-MA was purchased from Cellular Products Inc. (Buf-
alo, NY).
NA analysis
The 293 cells or T-cell lines were lysed in RNA STAT-60
Tel-Test “B”, Inc.), and total cellular RNA was prepared
ccording to the manufacturer’s protocol. For RT-PCR
nalyses, RNAs were converted to cDNA with reverse
ranscriptase and random hexamer primers and then
mplified by PCR as previously described (Derse et al.,
995). Oligonucleotide primers flanking HTLV-I splice
ites in exon 1 and exon 3 were HT455, 59-TGCCTCCT-
AACTGCGTCCGCCGTC-39; and HT7535, 59-GATAAG-
AACTGTAGAGCTGAGCCG-39, respectively. PCR prod-
cts were resolved on 10% polyacrylamide gels and
ransferred to nylon membranes by electrophoretic trans-
er. Membranes were hybridized with a radioactively la-
eled DNA fragment containing the tax gene.
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